ABSTRACT High-frequency (HF) surface-wave (SW) radar systems have demonstrated their capability to capture the signals from seismic and non-seismic tsunami events using the estimation of surface current changes. Several ocean radar systems, operating in the upper HF band, were already optimized for tsunami alerting and installed for real-time tsunami monitoring at the coast. If the shelf extends tens of kilometers off the coast then the first appearance of tsunami waves can be monitored at the shelf quite early. On May 25, 2018, an HF SW phased-array radar system, operating in the lower HF band (6.9 MHz), detected strong changes in measured radial currents at distances up to 60 km off the coast. The system tracked the tsunami-like current pattern in the Bight of Benin. The wave propagation coincided with an atmospheric cold front passage. No earthquake occurred at that time but a strong atmospheric disturbance was present and it is the most likely reason for the detected disturbance. This localized event could be classified as a meteorological tsunami (meteotsunami). It is important to note that this is the very first detection of meteotsunami in the whole West African region. This detection showed the capability of the radar to measure unusual surface current velocities induced by tsunami waves using the lower part of the HF band. The detection of this tsunami-like event has shown good applicability of HF phased-array radar technology for offshore tsunami monitoring and providing safe navigation, in real-time. At the same time, it has been shown that a single HF SW radar system, originally optimized for vessel tracking at very long ranges using a proper output power, transmitter's noise optimization and integration time, can also be utilized as a component of Tsunami early warning systems (TEWS).
I. INTRODUCTION
High-frequency (HF) surface-wave (SW) radar systems give a unique capability to deliver simultaneous wide area measurements of ocean surface current fields and sea state parameters as well as maritime surveillance far beyond the horizon and under all-weather conditions. The system operation is based on electromagnetic wave propagation along ocean water. The radar frequency is usually chosen
The associate editor coordinating the review of this manuscript and approving it for publication was Mehmet Alper Uslu. between 3 and 30 MHz to provide a large coverage of the ocean's surface and is capable of extending to more than 300 kilometers offshore. The outputs of these radar systems are used for various applications such as ocean currents and wave mapping, wave energy management, search and rescue and vessel traffic service. These ocean radar systems are wellknown as an operational tool for coastal monitoring. Multiple examples are described in [1] - [5] .
Several HF SW radar systems have been recently installed especially with an option to detect a tsunami as a tool to support Tsunami Early Warning Systems (TEWS). Based on VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ the theoretical approach described in [6] , a tsunami wave train generates a specific pattern in the sea surface current velocity. Tsunami induced surface currents lead to increasing orbital velocities, affecting the measured radar spectra in comparison to normal oceanographic conditions. The surface current pattern changes slightly as the tsunami wave propagates in deep water and significantly once the wave enters the continental shelf. The tsunami pattern becomes more apparent with the increase of heights of tsunami waves as they enter the shelf edge. This has been shown in theoretical algorithms and later demonstrated during the giant 2011 Japan tsunami [7] as well as by meteotsunami detection and tracking near Vancouver Island in Canada in 2016 [8] and along the Dutch coast in 2017 [9] . In this paper we continue considering the ability of HF SW radar, which operates at the lower frequency of the HF band, to provide tsunami measurements, albeit the optimal velocity resolution for surface tsunami currents is expected to be better than 5 cm/s [10] . In the research presented here, a HF radar system with an operating frequency of 6.9 MHz was considered and its measurements were analyzed. In comparison with the systems described in [7] - [9] , the lower frequency is more suitable for an operation which covers a longer range; this is of particular interest for vessel tracking applications [4] , [5] . That is the primary purpose of using the radar system; however, its lower transmit frequency showed to be quite appropriate for meteotsunami measurements as well. The paper is organized as follows: In Section 2 we briefly present some physical aspects behind meteotsunami generation and give some insight on how HF SW radar can detect it. Section 3 presents HF SW radar network used in this experiment and the results obtained from the field measurements. Section 4 is reserved for the comparison of HF SW radar data and meteorological data and the paper is concluded in Section 5.
II. HF RADAR REMOTE SENSING OF TSUNAMI WAVES
The recent enhanced interest in the study of tsunami waves and their mechanisms leads to considering tsunami-like currents that are induced not only by underwater earthquakes but also other sources, such as submarine landslides or atmospheric processes. Meteorological tsunamis (or meteotsunamis) are always local events and they can only become energetic due to multiple resonances, such as Proudman, Greenspan or shelf resonance [11] , [12] . These waves are mainly associated with atmospheric gravity waves, pressure jumps, frontal passages, etc., which normally generate barotropic ocean waves in the open ocean and amplify them near the coast through specific resonance mechanisms. With a sudden increase in air pressure, the sea level drops and the sea surface reacts on this by producing waves. If the propagation speed of the storm front along the coast is almost equal to the speed at which the sea waves move, the waves may grow in size as if the wave is chased by a pressure disturbance and the sea surface is pressed repeatedly. The wave generated by the storm front is able to grow through the above mechanism.
While everyday wind-generated waves have a wavelength of up to 150m and a significant height of typically 2-3m, a tsunami in the deep ocean has a wavelength of about 200km. Due to the enormous wavelength the wave can be less than 0.5m in height. This makes tsunamis difficult to detect over deep water and they are usually not noticed by sailing vessels [10] . As the tsunami approaches the coast and the waters become shallow, the wave is compressed due to wave shoaling and its speed slows down. Its wavelength diminishes to less than 20km; however, its height grows enormously, producing a distinctly visible wave. Hereby, the tsunami current pattern is expected to get more apparent with the increase of the heights of tsunami waves entering the shelf, which could extend up to tens of kilometers, thus giving several minutes of warning time after the first alert.
The observed tsunami signatures reflect the known dependency of tsunami currents on bathymetry. The HF SW radar does not measure directly the approaching wave height of a tsunami; however, it can measure the surface current velocity generated by the tsunami on the shelf. As explained in details in [10] and [13] , following the linear wave theory, the maximum orbital velocity, i.e., surface current velocity, of a wave as it moves from a depth D with the initial elevation a(D) to another depth d is given by
where g is the gravitational acceleration and d is the changing water depth. Results of the application of linear wave theory for tsunami phase velocity and maximum orbital velocity, as a function of water depth are theoretically investigated in the form of graphs, under some realistic assumptions (see [10] , [13] ). Surface current velocities induced by a tsunami, being many orders of magnitude smaller than the phase velocity of tsunami propagation, can be accurately measured with high spatial and temporal resolution by using the phased array HF radar technology in real-time. The sensitivity of the radar in resolving the surface current velocities strictly depends on the operating radar frequency f and coherent integration time T CI of measurements. It is indicated by the values of velocity resolution thresholds V Thr :
where c is the speed of light. All tsunami-induced current velocities with values above these thresholds have a non-zero probability of being detected offshore. For example, using T CI = 133 s and f = 6.9 MHz, the resolvable current velocity threshold is 16 cm/s. Consequently, a strong change of the surface current can be detected and tracked by a phased-array radar system in realtime. Procedures how to exactly measure those currents are given in [6] , [14] , [15] . Based on existing tsunami measurements, requirements for the integration of ocean radar systems into TEWS are already defined [16] . The requirements include a high range resolution, a narrow beam directivity of phased-array antennas and an accelerated data update within seconds to provide an opportunity of offshore tsunami detection in real-time.
It is obvious that tsunami signatures must be observed as far from the shore as possible, in order to provide sufficient warning time. Hence, it is highly desirable to provide measurements as far as at the edge of the continental shelf to capture the dynamic changes caused by the tsunami. Long-range, i.e. low-frequency, HF coastal radar systems are well able to observe surface current velocities beyond the horizon. Since there is always a trade-off between the precision of the surface current speed measurements and radar coverage, which simultaneously depends on operating frequency, transmit power, antenna gain, water salinity, sea state, etc., the crucial aspects to use the HF system for tsunami monitoring lay in its careful design including output power, transmitter phase noise and integration time. These specific properties of the optimized HF radar system made it possible to simultaneously achieve good precision and range coverage in measurements.
The optimized HF radar system has simultaneous options for: standard surface current measurements with a coherent integration time of 10-20 min and update rate of 5-10 min, wave measurements with a coherent integration time of 20-30 min, and tsunami current estimation procedure with 2 min integration time and 33-sec update rate. The scheme can be easily implemented in the existing radar systems, which use the permanent acquisition mode of measurements.
III. TSUNAMI-LIKE CURRENTS OBSERVED BY THE HF RADAR INSTALLATION IN THE GULF OF GUINEA
HF radar systems presented here belong to SW technology, use 6.9 MHz operating frequency, high-quality 16-element phased array antennas, high-power and noise optimized tailor-made power amplifiers, and achieve an effective operating range of more than 250km from the shoreline. Their detailed description may be found in [17] . It is also noteworthy that utilizing signals routed directly via embedded communications lines allows these systems to be accessible for real-time analysis through remote access.
Presently, the whole radar network is deployed to cover the Gulf of Guinea with vessel detection and tracking being its primary mission. From our point of view, this environment is among the most challenging environments in the world for the installation and operation of HF radar systems. Detailed elaboration of those challenges including very sharp, aggressive natural conditions, many sources of a strong man-made interference, and the ways to counter their influence have already been presented in [18] . For the purpose of tsunami measurement analysis presented in this paper, one segment of HF radar network is used and covers the western part of the Gulf of Guinea, namely the Bight of Benin, as shown in Fig. 1 .
On May 25, 2018, the HF radar system labeled with ''0'' in Fig. 1 , recorded unusual surface current changes in the region. The data was reprocessed using the original software for tsunami alerting by HF ocean radar, which generates a probability estimation of tsunami detection.
The estimation of a tsunami alert (or probability of tsunami) at a particular time is based on [10] :
• a unique analysis of measured radar power spectrum for each grid cell of radar coverage;
• filtering natural tidal currents from the radar velocity measurements by applying a moving polynomial regression spanning the previous 45-60 minutes of measurements as a trend estimation;
• using the sign of velocity residuals as a binary value having a Bernoulli distribution;
• applying Laplace's law of succession to conditionally independent random variables having a Bernoulli distribution to get probability of tsunami;
• calculating the probability of tsunami in each grid point of radar coverage;
• applying ordered statistics over the multiple grid points to obtain a tsunami probability estimate for the full monitoring area. The software realization of this procedure takes less than a few seconds. Using this approach, the system may provide a visualization of the tsunami alert and therefore supports decision-making by users. The final decision about a tsunami alert is done automatically by the tsunami-alert software within three levels, i.e. no tsunami (green level), a possible tsunami (yellow level), and a tsunami alert (red level). The alert decision should be immediately transmitted to the nearest TEWS server.
Usually the term ''early warning'' is not used to describe the information delivered by HF radar, because an actual tsunami warning is issued by local authorities, who are responsible for population and evacuation processes. Thus, HF radar systems may deliver only advisable information regarding a tsunami threat.
After applying the above-mentioned approach to the radar measurements, a gallery of tsunami probability maps was created and is partly shown in Fig. 2 . A wave front moving outwards from the coast to the south-west is clearly visible in these figures.
The first detection of the tsunami pattern (dark red color) happened close to the coast in 05:35 UTC (see Fig. 2a .) and was tracked up to 60km offshore as the currents were departing from the shoreline and crossing shallow waters. The total observation time of the event took about 2 hours and its progression is shown in Fig. 2b -2e . It is also important to note that the phenomenon started to disappear at 07:15 UTC as it can be seen in Fig. 2f . It means at that time the wave reached the edge of continental shelf, its power dissipated since it started travelling across deeper waters and its current velocity went below 5 cm/s. Fig. 3 shows bathymetric contours for the observed area, where red diamonds mark the main wave front propagation in shallow water, when the radar caught the tsunami-like signatures. According to current knowledge, the described results represent the very first occurrence of a tsunami-like event measured by the HF radar system in the West-African region.
IV. COMPARISON WITH METEOROLOGICAL DATA AND ANALYSIS
In order to confirm the obtained results, but also to investigate more information about their roots, nature and scale, a crosscheck and comparison with other information sources was performed.
An earthquake-generated tsunami was discarded as an explanation to this event because of lack of evidence to support a local or distant seismic event which could trigger a tsunami wave [20] .
Publicly available sources of meteorological data, e.g. online weather services [21] , [22] , were used for more in-depth analysis of various parameters of interest corresponding to the wave front and tsunami patterns detected by HF radar. After acquiring some local meteorological datasets from [21] (see Fig. 4 and 5) , it became clear that a cold front passage together with a pressure jump of 3 hPa and a strong thunderstorm could be a reason for the observed strong current event off the coast. It should be mentioned that meteorological information in this region is subjective and has a lack of quality.
Atmospheric pressure is an example of a source affecting sea level over a very broad frequency range, from climatic variations to coastal seiches. Perhaps the best known type of pressure induced sea level variation is storm surges. During passing cyclones, when atmospheric pressure decreases over a large ocean region, sea level increases due to the inverted barometer effect and, combined with wind forcing, may produce a significant inundation in coastal areas. On the other hand, high (anticyclonic) atmospheric pressure initiates a lowering of sea level and possible drainage of shallow-water areas. These large-scale sea level changes are hazardous, but they have nothing to do with tsunamis, mainly because of their quite different temporal (hours to days) and spatial scales, phase speed and general dynamics of the corresponding phenomena.
The atmospheric pressure changes can generate smallscale sea level oscillations with periods of a few minutes to a few hours. Normally, the energetic content of travelling atmospheric disturbances at these periods is relatively low and these oscillations form part of the background noise. However, on specific occasions, strong pressure disturbances may occur at these frequencies, e.g. trains of atmospheric gravity waves or isolated pressure jumps [23] . These atmospheric disturbances may have a different origin: dynamic instability, frontal passages, gales, squalls, storms, and tornados. Nevertheless, even during the strongest events, the atmospheric pressure oscillations at these scales typically reach only a few hPa that correspond only to a few cm of sea level change. Consequently, these atmospheric fluctuations can produce a significant sea level response only when some form of resonance occurs between the ocean and the atmospheric forcing.
The ''Proudman resonance'' [24] , when the atmospheric disturbance translational speed equals the longwave phase speed of ocean waves, may significantly amplify ocean waves approaching the coast. When the ''Proudman resonance'' takes place, the forced ocean wave is significantly amplified.
Typical speeds of atmospheric waves are 20 to 40m/s, which means that resonance may occur in extensive shallowwater regions with a depth of d = 40-160m. Nevertheless, even strong resonant amplification of atmospherically generated ocean waves normally still cannot produce waves powerful enough to extensively affect the open coast (for example, a 3-4hPa pressure jump and a 10-times resonant amplification will produce only 30-40 cm ocean waves [11] ). Intensive oscillations inside a harbour (bay or inlet) may be formed only if the external forces (the arriving open sea waves) are high enough.
The generation mechanism of the wave monitored by the HF radar is not completely clear because the wave was observed while moving outwards from the coast, we guess there was not enough time for atmosphere-ocean interaction. When wind blows over the ocean, energy is transferred from the wind to the surface layers, some of which then drives ocean currents.
However, a similar outward propagation of the meteotsunami wave was reported in [25] , where the wave propagated off of the east coast of the United States in the north Atlantic Ocean on June 13, 2013, following a rapidly-moving coherent storm front. The air pressure jump of 4 hPa was moved at 20m/s. Later, using the simulations the first wave appeared as a ''negative'' wave or trough in the sea's surface (see details in [26] ). It generated meteotsunami waves as it moved. When it reached the edge of the continental shelf the meteotsunami waves reflected landward from the shelf's edge; thus these waves became trapped in the shallow water of the continental shelf and oscillated back-and-forth for hours.
Alternatively, the bottom shape of the Benin Bight gives many reasons for complicated bight reflections as well and the wave might be a superposition of those ones.
Tide gauge sea level observations are an essential component of the global ocean observing system and an important tool to determine sea level hazards. However, in the region of the Gulf of Guinea there is a lack of data from these measuring devices. Unfortunately, no comparison with tide gauges can be provided in this paper.
Since the radar measurements are evaluated on a geographical grid, it is possible to obtain the time series of the radial current velocity for each grid point. Fig. 6 shows radial velocity derived from the measurements by the HF radar system. Each time series is associated with a grid point marked by red diamond in Fig. 3 . A jump of about 15cm/s in radial surface current velocity is measured by radar and in good correspondence with the threshold value from formula (2). This jump occurred simultaneously with the pressure disturbance, i.e. a pressure jump of 3 hPa pushed downward the water elevation and thus caused outgoing surface currents. Basically, it looks like the meteotsunami generation mechanism is similar to the one described in [25] and [26] . Basically the estimation of wave propagation can be done from Fig. 6 . It can be seen that it took about 1 hour to cross about 60 km of shallow water. At the same time from Figs. 4 and 5. It can be observed that the wind gusts were measured between 64 and 67km/h (roughly 18m/s). The equality of wind speed and wave propagation speed may be a reason to mention the Proudman resonance, which happened while the atmospheric disturbance was moving with a similar speed as wave speed.
Additionally, the direction of wave movement is in correspondence with the data from Fig. 4 , which show the sudden change of wind direction blowing from east-northeast (ENE).
V. CONCLUSION
HF SW radar systems have a unique capability to monitor the ocean surface far beyond the horizon. The unique event in the Bight of Benin detected on 25 May 2018 by the radar system showed that this system is capable of measuring and tracking specific patterns of surface current velocity, having clear characteristics of a meteotsunami, far offshore. Furthermore, this meteotsunami detection showed that HF phased-array radar which is initially designed for vessel tracking can be successfully utilized as a part of a tsunami early warning system, despite the fact that it operates in a lower HF band (6.9 MHz). Moreover, this is the first time when a meteotsunami was reported in the West-African region.
The short analysis of the available data records from nearby weather stations showed that this unusual event was caused by a sharp pressure jump during the cold atmospheric frontal passage. Thus, the event can be potentially identified as a type of meteotsunami. In the case of a moving meteotsunami wave, remarkable signatures of changing surface current velocities were tracked by the radar system up to 60km off the coast. Hereby showing that in locations where the shelf edge is extended tens of kilometers offshore, the tsunami waves can be monitored continuously.
The detection of the this meteotsunami event confirms the capability of the HF SW system operating in lower HF band to detect small deviations in ocean currents originated by a special situation, e.g. a tsunami, independently of its generating mechanism, i.e. underwater earthquake, submarine landslide or meteorological conditions. The real-time remote observation of the tsunami-like event has shown a good applicability of HF phased-array radar technology for offshore tsunami monitoring and navigation safety. Low operating frequency, suitable for a long range remote sensing with HF radar, when followed with proper output power and noise optimization, is shown to be a quite appropriate solution for easily adding the option of tsunami monitoring together with the existing vessel tracking radar system. 
